X-ray radiography is a commonly used diagnostic method for premature neonates. However, because of higher radiosensitivity and young age, premature neonates are more sensitive to the detrimental effects of ionising radiation. Therefore, it is important to monitor and optimise radiation doses at the neonatal intensive care unit (NICU). The number of x-ray examinations, dose-area product (DAP) and effective doses are evaluated for three Dutch NICUs using digital flat panel detectors. Thorax, thorax-abdomen and abdomen protocols are included in this study. Median number of examinations is equal to 1 for all three hospitals. Median DAP ranges between 0.05 and 1.02 μGy m 2 for different examination types and different weight categories. These examinations result in mean effective doses between 4 ± 4 and 30 ± 10 μSv per examination. Substantial differences in protocols and doses can be observed between hospitals. This emphasises the need for up-to-date reference levels formulated specifically for premature neonates.
INTRODUCTION
At the neonatal intensive care unit (NICU) x-ray imaging is used for a variety of diagnostic purposes, including diagnosing lung and bowel disease and determining the correct positioning of tubes and central lines. A substantial number of premature neonates experience one or more x-ray examinations during their stay at the NICU.
While ionising radiation doses should always be as low as reasonably achievable (ALARA-principle) (1) , this is even more important in preterm infants. Since a tissue's sensitivity to radiation is directly proportional to its rate of proliferation, prematurely born babies are more sensitive to radiation because of the highly mitotic state of their cells (2) . Also, because of their young age premature babies are particularly vulnerable to delayed detrimental effects of ionising radiation (3) . Moreover, due to their small size it is often a challenge to collimate correctly, in order to image only the required area of interest. This under-collimation can lead to higher organ doses in premature babies (4) . In addition, preterm infants are imaged while lying in an incubator. In order to get an acceptable image quality, a sufficient detector dose is necessary. When trying to achieve the same detector dose, placing the detector in the incubator imaging tray results in higher radiation doses for the patient when compared to placing the detector directly on the mattress (5) . However, using the incubator tray can have benefits in terms of hygiene and might even be necessary for unstable neonates.
To encourage good clinical practice in radiology, diagnostic reference levels (DRLs) have been determined for a variety of diagnostic procedures in radiology and nuclear medicine. The concept of DRLs was introduced by the International Commission on Radiological Protection (ICRP) in 1996 as an advisory tool (6) . In practice, DRLs are established by professional medical bodies, using a percentile point on the observed patient distribution. DRLs are specific for a certain country or region.
In the last years some articles have been published regarding DRLs for premature babies (7) (8) (9) . However, no studies comparing neonatal dose-area product (DAP) values and investigating possible DRLs have been published in the Netherlands so far. Furthermore in the DRL studies mentioned before no distinction between computed radiography (CR) and flat panel digital radiography systems is made. Because of the increasing number of institutions switching to flat panel digital radiography systems, which in general allow for a substantial dose reduction, this is a major limitation.
The aim of this work is to evaluate the number of examinations and dose data in three Dutch NICUs, which all use mobile radiography systems equipped with digital flat panel x-ray detectors. The results can be used as a benchmark for radiation doses in digital neonatal x-ray imaging. Also, the results give an insight in the dose effect of using the incubator imaging tray.
MATERIALS AND METHODS

Hardware
This study is a collaboration between three Dutch NICUs with similar populations, coded A, B and C in this study. At all three NICUs mobile x-ray systems with a digital flat panel detector are being used. Hospital A uses a Carestream DRX-Revolution Mobile X-ray System (Carestream Health Inc., Rochester, NY, USA) with a digital caesium-iodide detector (Carestream DRX 2530-C). DAP is measured with a Diamentor CI (PTW, Freiburg, Germany). Hospitals B and C use a Shimadzu MobileDaRt Evolution (Shimadzu Corporation, Kyoto, Japan) with a compact Canon CXDI-80C caesium-iodide detector (Canon Inc., Tokyo, Japan All radiographs for neonates stored in the Picture Archiving and Communication System (PACS) were used for this analysis. In this study only anteriorposterior images were taken into account for DAP and effective dose analysis. To determine the cumulative number of x-rays per patient, lateral images were also taken into account.
Relevant parameters like DAP, peak tube voltage and tube current were retrieved from the DICOM headers using in house developed code written in MATLAB (MathWorks, Natick, MA, USA).
Patient weight estimation
Patient weight at the time of an x-ray examination was not registered. Therefore, the patient weight was estimated from the peak tube voltage by using the weight based imaging protocols in each hospital. To validate whether this estimation is justifiable, the settings at Hospital A were analysed. The peak tube voltage of x-rays made within two days after birth, was compared to the birth weight of the patient. Of all patients evaluated at Hospital A, 274 patients had an x-ray made within two days after birth. The relationship between peak tube voltage and birth weight of these 274 patients was compared to the imaging protocol at Hospital A.
Clinical protocol
In this study thorax, combined thorax-abdomen and abdomen examinations were studied.
The hospitals studied use different clinical protocols. The protocols for thorax examinations are given 
Effective dose calculation
In order to gain insight into the possible health effects of the anterior-posterior x-ray examinations, mean effective doses per weight category were calculated. The effective dose was calculated using the weighting factors given in the International Commission on Radiological Protection (ICRP) 103 report (10) . Effective dose calculations were performed using the Monte Carlo program PCXMC 2.0 (STUK Radiation and Nuclear Safety Authority, Helsinki, Finland). This program calculates the effective dose according to ICRP 103 using peak tube voltage, DAP, patient height, patient weight, patient age, field of view (FOV), filtration, anode material and focus-skin distance as input. For each examination type in each hospital the mean DAP and FOV per weight category were obtained from the patient data and used as an input for PCXMC. The patient height used as input was scaled with the patient weight using preterm growth charts (11) . As the phantom model in PCXMC is hermaphrodite, the average of the lengths for boys and girls was used for each weight category. Other input parameters were obtained from the machine specifications and the clinical protocols.
Statistical analysis
For the number of examinations per patient the median value and interquartile ranges were used, because of the non-normal distribution. However, to compare to literature, the mean was also calculated as this is the value noted in several other studies (8, (12) (13) (14) (15) (16) (17) .
To compare the distributions of the number of examinations per patient in the three hospitals a chisquare test for homogeneity was performed. To achieve a chi-square distribution the number of counts per cell has to be sufficiently high. In this case this means that a sufficiently high number of patients has to undergo some amount of x-ray examinations in order to be able to perform a chi-square test on the distribution. Because the number of patients undergoing a high amount of examinations is low, only patients undergoing 10 or fewer examinations were taken into account for the homogeneity test.
The DAP values are considered non-normally distributed and the median value and the 25th and 75th percentile are given. In order to facilitate an easy comparison with the literature, mean values are also given in the results section. The reported effective dose values are mean values. To estimate the error in the effective dose, the PCXMC calculations were repeated with the same input values, except for the DAP and FOV. The positive and negative variation were estimated by using the mean DAP and FOV plus and minus the standard deviation in the data as an input for PCXMC. The number of photons simulated in PCXMC was chosen such, that the variation in DAP and FOV is much bigger than the uncertainty of the Monte Carlo simulation. The error introduced by the fact that PCXMC uses scaled mathematical phantoms was neglected, since PCXMC calculations agree with the effective dose calculated in voxel phantoms of premature neonates (18) .
RESULTS
Because of the large amount of collected data, the dose results, including figures and tables, presented in the main body of this paper only include thorax examinations. For the thorax-abdomen and abdomen examinations the results are briefly described here, while more details can be found in the Supplementary material. However, to give an insight in the total impact of x-ray examinations at the NICU, the distribution of examinations per patient shows the total of all types of examinations.
Number of examinations
The total number of examinations per patient during a NICU stay in the three hospitals is shown in Figure 1 .
The median number of examinations is equal to 1 in all three cases, with an interquartile range of 4. The mean number of examinations per patient is equal to 2.2 in Hospital A, 2.6 in Hospital B and 2.7 in Hospital C. In order to gain a realistic insight in the number of radiographs for an average patient at the NICU, patients undergoing no x-ray examinations were also taken into account in these numbers. However, it should be noted that in other studies, patients receiving no x-ray examinations are not always taken into account when calculating the mean or median number of radiographs per patient (8, (12) (13) (14) (15) (16) 19) . If these patients are left out when calculating the median and mean number of examinations, the medians change to two examinations per patient for each hospital and the means change to 4.0, 4.5 and 4.1 examinations per patient for Hospitals A, B and C, respectively. The maximum number of examinations observed for one patient is equal to 50.
The three histograms show some similarities and the median number of examinations and interquartile ranges are the same. However, according to a chisquare test for homogeneity the distributions are not statistically homogeneous with a probability of 0.99.
Patient weight estimation
The results in Table 2 show that for most weight categories, the actual weight agrees with the used protocol. For the two lowest weight protocols the weight in the protocol is not within the middle 50% of the actual observed patient weight. Still, it was further assumed that patient weight at the time of a radiograph can be estimated from the peak tube voltage used.
Dose-area product
Box plots depicting the median DAP and the interquartile range of the data, are presented in Figure 2 .
The exact values are given in Table 3 . Hospitals A and C use multiple differentiated weight categories, while Hospital B uses only two weight categories. In Hospital B the protocols for imaging with the detector in the incubator tray differ from those with the detector under the patient, resulting in a higher 75th percentile of the DAP and higher DAP outliers for the same weight category. When comparing the median DAP in Hospital A, where the incubator tray is used, to Hospital C where the detector is placed directly under the patient, the same trend can be observed. It can also be observed that the interquartile range in Hospital A is relatively small. For Hospitals A and C the results for combined thorax-abdomen examinations can be found in the Supplementary material. Both graphs show an increase of DAP with growing patient size. In Hospital B no distinct thorax-abdomen protocol is being used.
In Hospital C the abdomen protocol was rarely used. In Hospital A for the abdomen protocol the trend in DAP is similar, while the values are slightly higher than those found for thorax examinations. For Hospital B, the values found for abdomen examinations are higher than those found for thorax examinations.
Effective dose
The effective doses calculated for anterior-posterior thorax examinations are shown in Figure 3 . The error margins were estimated from the variation in input parameters, as explained in the Statistical analysis section. The values are also given in Table 4 . It can be observed in Figure 3a that at Hospital A for weight categories bigger than 3200 g the effective dose is increased, which corresponds with an increase in tube current-time product in the protocol. In Figure 3b it can be observed that the mean effective dose is higher when using the incubator tray. Hospital C shows the lowest effective doses, the standard deviation is relatively big.
For both combined thorax-abdomen and abdomen examinations the effective doses show a trend that is similar to the thorax examinations. Mean effective doses are higher for both thorax-abdomen and abdomen examinations when compared to thorax examinations.
DISCUSSION
The main goal of this study was to evaluate x-ray doses in three Dutch NICUs using digital x-ray systems. The obtained data can be used as a benchmark for radiation doses in a vulnerable population. To facilitate a comparison between our data and literature values an overview of recent patient studies is given in Table 5 .
Compared to literature values ranging between 2 and 25.9, the number of radiographs per patient in our study was relatively low, even when patients undergoing no x-ray examinations at all are not taken into account. Estimation of actual patient weight at the time of a radiographic exam was based on the peak tube voltage and the imaging protocol. For the two lowest weight protocols the weight of the imaging protocol is just outside the middle 50% of the observed patient weight. This could be caused by the fact that for smaller neonates the tube voltage is rounded down, in order to keep the radiation dose low. Because the number of patients taken into account in these weight categories and the deviation from the protocols are relatively small, the patient weight estimation based on tube voltage was not rejected. Median DAP as well as the interquartile range varies substantially between the three hospitals. These variations are caused by differences in tube settings and detector placement. The variation in interquartile range is partly caused by the accuracy of the DAP meters. In Hospitals B and C the DAP meter had a step size of 0.1 μGy m 2 . Because the measured doses are close to this value, doses get rounded off, presumably increasing the standard deviation. Also, for Hospital B and Hospital C a relatively large standard deviation can be observed in the FOV size. This indicates inconsistent collimation, which can lead to a larger variation in DAP. The median DAP values found in Hospital C are low when compared to the literature and are lower than the DRLs formulated in Germany and Belgium, which are based on a 75th percentile of multi-centre studies (7, 8) . German DRLs for thorax examinations are equal to 0.3 μGy m 2 for neonates smaller than 3 kg and 0.5 μGy m 2 for 3-5 kg newborns, Belgian DRLs are underlined in Table 5 . For abdomen examinations the German DRL is equal to 2 μGy m 2 for 3-5 kg newborns. In Hospitals A and B some median DAP values for thorax examinations are just above the German DRL. For abdomen examinations the DAP values are below the German DRL. The DAP found in Hospitals A and B for thorax examinations is comparable to values found in recent literature. However, because in the literature mostly CR and film-screen detectors are being reported, the DAP in hospitals using digital flat panel detectors would be expected to be below average (24, 25) . For all weight categories the median DAP in Hospital C is lower than those in Hospitals A and B. However, it can also be observed that the interquartile range in Hospital C is relatively large, which is also reflected in the relatively large variation in FOV. These considerable differences between the hospitals indicate that standardising procedures in all three hospitals can lead to dose reduction.
An explanation why DAP values at Hospital A were mostly higher than the ones at Hospital C, is the fact that neonates are imaged with the detector in the incubator tray. This indicates an option for dose reduction, but possibly at the cost of increased hygiene risks. Also, using the incubator tray causes less disturbance to the preterm infant's sleep.
It can be observed that the error bars for the effective dose are asymmetrical. This is caused by the fact that changing the input parameters does not have a linear effect on the simulation outcome. It must be mentioned that calculation of the variation in effective dose, based on the standard deviation of the input parameters is only a rough estimation. However, it does give an insight in the order of magnitude of the possible effective dose variations. Most effective doses found are comparable with those found in literature, while especially in Hospital C some mean effective doses are lower, but again with a larger variation.
Our study has some limitations. First of all, only three out of 10 Dutch NICUs were included in this study. However, the number of radiographs included in this study is higher than in any of the studies mentioned in Table 5 . Therefore we assume the amount of data to be sufficient for benchmarking.
Secondly, the estimation of patient weight based on the peak tube voltage and the imaging protocol, is only verified in Hospital A and only for part of the patients, due to the limited availability of patient weight data.
Another limitation of this study is the lack of assessment of the image quality. Parameters like signal-to-noise ratio and contrast-to-noise ratio have been investigated in order to quantify image quality, but no good relationship between these parameters and radiologist scoring was found. Therefore this method was discarded. However, the fact that the images used in the study were all used in a clinical practice gives an indication of the acceptability of the images.
CONCLUSION
In this study the number of examinations and the dose data per imaging protocol for three Dutch NICUs using flat panel digital radiography systems were evaluated. The three hospitals showed a relatively low number of examinations per patient compared to the literature. Also, DAP values and effective doses are average or low when compared to values published in literature.
Differences in tube settings and detector placement can be observed between the three hospitals, resulting in differences in mean dose. The increase in radiation risk by using the incubator tray should be weighed against other risk factors, like risk of infection.
From the variation in DAP and effective dose values between the three hospitals and the comparison with literature it can be deduced that standardisation of protocols could lead to further dose reductions. Also, formulation of a specific DRL for x-ray examinations using a flat panel detector at the NICU could lead to an increased awareness of optimisation possibilities.
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